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Substitution of Cu for Ni in the Kondo lattice system CeNi2Al3 results in a simultaneous op-
timization of the three interdependent thermoelectric parameters: thermoelectric power, electrical
and thermal conductivities, where the electronic change in conduction band induced by the extra
electron of Cu is shown to be crucial. The obtained thermoelectric figure of merit zT amounts to
0.125 at around 100 K, comparable to the best values known for Kondo compounds. The realization
of ideal thermoelectric optimization in Ce(Ni1−xCux)2Al3 indicates that proper electronic tuning
of Kondo compounds is a promising approach to efficient thermoelectric materials for cryogenic
application.
PACS numbers: Valid PACS appear here
Thermoelectric (TE) materials are used to construct
all solid-state power generator or Peltier cooler. Cur-
rent TE materials such as Bi2Te3-Sb2Te3 alloy have a di-
mensionless figure of merit zT∼1 at near or above room
temperature [1]. zT , defined as TS2/ρκ, determines the
efficiency of TE conversion at a particular temperature
T , with S being the thermoelectric power, ρ the electri-
cal resistivity and κ the thermal conductivity which con-
sists of electronic part κe and lattice part κL. In normal
metals or semiconductors, S, ρ and κ are not indepen-
dent. The classical route to high-efficiency TE materials
is based on doping or alloying an appropriate semicon-
ductor into a degenerate regime of carrier concentration
n ∼ 1019 cm−3, where a good compromise between S and
ρ is reached with a high thermoelectric power factor S2/ρ
[1]. Modern electronic technology has created a strong
demand for TE materials operating at cryogenic tem-
peratures, to provide applications such as spot cooling
microelectronic superconducting devices. The aforemen-
tioned concept, unfortunately, doesn’t seem to hold true
for development of TE materials below 200 K [2].
One promising candidate for cryogenic TE application
is heavy-fermion (HF) or intermediate valence (IV) met-
als, which are characterized by the so-called Kondo res-
onance of conduction electrons screening the magnetic
moment of f or d electrons. Kondo resonance produces
a sharp feature in the electronic density of states (DOS),
leading to a 2−3 orders of magnitude enhancement of the
effective charge-carrier massm∗ and a large S amounting
to several tens of µV/K at around Kondo temperature TK
[3]. As metals, they have relatively large κe that is tied to
metallic ρ by Wiedeman-Franz law (ρκe/T = L0, with L0
= 2.44 × 10−8 V2/K2). A simple calculation neglecting
κL indicates that S > 156 µV/K is necessary to achieve
a practical zT above unity. The largest S so far known
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in metallic Kondo systems is ∼120 µV/K observed in
CePd3, with zT < 0.25 at around 200 K [1, 4]. Further
enhancement of zT was not achieved for HF or IV sys-
tems, though a value as high as 14 has been predicted
[5].
Like the current TE materials in use, high-zT mate-
rials for cryogenic application might emerge by optimiz-
ing an appropriate parent system. The key point, there-
fore, is to identify this system and the mechanisms that
might lead to optimization of the TE parameters. In this
manuscript, we report a simultaneous optimization of S,
ρ and κL in a Kondo lattice system Ce(Ni1−xCux)2Al3
realized by substitution. The Ce ion in CeNi2Al3 expe-
riences a nearly tetra-valent [6, 7] or IV state [8], which,
by replacing Ni with Cu, an atom with larger volume
as well as an extra conduction electron, evolves into HF
and eventually magnetically ordered state. The evolution
accompanies an enhancement of the maximum thermo-
electric power (Fig. 1, lower panel) and its shift to lower
temperature. Concomitant reductions of ρ and κL due to
the electronic change in conduction band and the chem-
ical disorder, respectively, are also realized, resulting in
a substantially enhanced zT ∼ 0.125 at around 100 K.
The largely enhanced electronic specific-heat coefficient
γ and α = S/T (T → 0 K) (Fig. 1, upper panel) point to
the formation of heavy quasi-particles with substitution.
At below 100 K, the observed zT values largely exceed
that of CePd3, the so-called “best” TE material in Kondo
systems [4]. The decisive impetus for the simultaneous
optimization of S, ρ and κL is to be discussed in terms
of the electronic change of conduction band. A further
development of more efficient TE materials for cryogenic
application along the lines should be largely expected.
Polycrystalline Ce(Ni1−xCux)2Al3 compounds with
various x were prepared by arc-melting stoichiometric
amounts of constituent elements in a high purity argon
atmosphere. The purities of the starting elements are
99.9%, 99.997%, 99.999%, and 99.999% for Ce, Ni, Cu
and Al, respectively. No annealing treatment was carried
out. Power x-ray diffraction spectra confirmed the for-
mation of the hexagonal PrNi2Al3-type structure of the
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FIG. 1: Upper panel: x dependence of γ and α, the zero-
temperature linear coefficients of electronic specific heat and
thermoelectric power of Ce(Ni1−xCux)2Al3, respectively. The
enhancement of both quantities with x indicates the formation
of heavy-fermion state with enhanced effective charge-carrier
massm∗. Lower panel: x dependence of the three thermoelec-
tric parameters S, ρ and κL at T = 100 K. Their simultaneous
optimization with increasing x results in an enhanced thermo-
electric figure of merit at x = 0.4. For the compounds with
x > 0.5, antiferromagnetic (AFM) order is confirmed. Inset
shows smooth increase of the lattice parameters a and c as a
function of x.
samples with x < 0.5, with tiny impurity peak appearing
at around 2θ∼50◦ as reported previously [6, 9]. For x >
0.5, a trace of second phase, which was determined to be
CeCuAl3 [10], appears gradually. The second phase in
the sample of x = 0.6, i.e., the upper substitution limit
in this work, was estimated to be less than 3%. For this
composition, a magnetic transition was observed at 2.3
K and it increases rapidly with x. The continuous ex-
pansions of the lattice constants a and c (Fig. 1, Inset)
indicate successful substitution of Cu atoms. A change
in the slopes of a and c as a function of x is discerned
at around x = 0.4, the critical concentration between
the non-magnetic and magnetic regimes [11]. The ther-
moelectric properties were measured by either a home-
build cryostat with a slowly-varying-gradient technique
(chromel/Au+0.07% Fe thermocouple as ∆T detector)
or a commercial physical properties measurement system
(PPMS, Quantum Design). The discrepancies between
the two techniques were found in less than 5% with a
typical sample dimension of 1×1×5 mm3.
The most impressive feature in the S(T ) curves (Fig. 2)
is a largely enhanced, positive maximum Smax, as ob-
served in many other Ce-contained HF or IV compounds
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FIG. 2: The thermoelectric power S as a function of temper-
ature for various Ce(Ni1−xCux)2Al3 compounds. While the
position of Smax in temperature decreases with substitution
up to x = 0.4, its value increases largely. Above this critical
concentration, the compounds order magnetically and their
Smax decreases dramatically with x.
[1]. For x ≤ 0.4, while the position of Smax in temper-
ature decreases, its value increases largely with x. The
enhanced Smax value for the compound of x = 0.4, 90
µV/K at 70 K, was confirmed by the two measurement
techniques given above. The previous studies on an-
nealed samples presented a Smax of only 60 µV/K for
x = 0.4 [9]. The difference with the present results most
likely reflects the sensitivity of electron-electron correla-
tions with respect to composition in the vicinity of the
critical concentration: for example, γ and α show dra-
matic change at around x = 0.4 (Fig. 1, upper panel).
Looking carefully into the previous results [9], one also
notice that the real Smax for x = 0.4 could be higher:
while γ doubles by varying x from 0.3 to 0.4, α does not
follow γ but remains flat. As estimated from the value
of 1/γ and the position of Smax, Kondo temperature TK
decreases gradually with x. The enhancement of Smax
with x tracks the enhancement of the effective mass m∗
(∼γ) as a consequence of the reduction of TK. The corre-
spondence of the enhanced γ and α (Fig. 1, upper panel)
follows the general behavior expected for correlated sys-
tems [12, 13], unambiguously evidencing the realization
of HF state. Further substitution exceeding x = 0.4 re-
duces Smax, due to the onset of magnetic ordering and
the consequent diminish of m∗.
Upon increasing x from 0.0 to 0.6, the electrical resis-
tivity ρ (Fig. 3, upper panel) evolves from a monotoni-
cally increasing to a monotonically decreasing function of
temperature, again pointing to the decrease of TK. The
broad maximum in ρ(T ), another estimate of TK, shifts
from ∼200 K for x = 0.2 to ∼100 K for x = 0.4. Remark-
ably, ρ above 70 K exhibits a systematic reduction with
increasing x, in spite of the increasing residual resistivity
3ρ0. In combination with the enhancement of Smax, this
indicates a simultaneous optimization of ρ and Smax that
is impossible in classical metals.
The overall resistivity of a non-magnetic, isoelectronic
reference system La(Pd1−xAgx)2Al3 [14] exhibits be-
haviors characteristic of a normal metal and decreases
steadily with increasing x (Inset of Fig. 3). For instance,
ρ at room temperature changes from 150 µΩcm for x
= 0.0 to 35 µΩcm for x = 0.6, reflecting the electronic-
structure change in the conduction band. The evolution
of ρ in the reference system hints that the decrease of ρ
with x in Ce(Ni1−xCux)2Al3 shares the same origin: it
is due to a decrease of the usual electron-phonon scat-
tering term ρp, assuming that ρ = ρ0+ρp+ρm, where ρ0
is the residual resistivity and ρm the magnetic part oc-
curring only in the Ce compounds. On the other hand,
γ diminishes with x in La(Pd1−xAgx)2Al3 [15], indica-
tive that the full-filled d-band of Cu triggers a shift of
the Fermi level away from the enhanced DOS of d char-
acter. Similar effect is confirmed both experimentally
and theoretically in Ce(Pd1−xCux)2Si2 [16]. The shift
of conduction band from d- to s- or p-like bands can
naturally account for the decrease of ρ, as well as the
decease of TK (∼ exp(−1/DOS(ǫF)J), as a function of x
in Ce(Ni1−xCux)2Al3. ρ(T ) for x = 0.4 shows an upturn
below 20 K as well as a broad hump at 100 K. This is a
sign of the crystal electric field splitting effect on the six-
fold-degenerate Ce3+ state, indicating that not only the
ground Kramers doublet, but also one excited multiplet
are perhaps involved in the transport properties. The
ground-state degeneracy was only recently recognized to
be important for TE properties in Kondo systems [17].
The lattice thermal conductivity κL in CeNi2Al3
(Fig. 3, lower panel) is characterized by a maximum at
T ≈ 40 K, a fingerprint of crystalline solid. The κL
maximum smears out with substituting Cu, leading to a
largely reduced κL for x= 0.4 over the whole temperature
range. The reduction of κL is attributed to the substi-
tutional chemical disorder that is frequently employed in
modern TE development. To better understand the evo-
lution of κL with x in the present system, however, it is
necessary to consider another phonon-scattering process
by, i.e., valence fluctuation, which was recently shown
to be an effective way to reduce κL in HF or IV sys-
tems [18]. The decrease of Kondo temperature TK with x
in the present system evidences the decrease of phonon-
scattering rate by valence fluctuation, which gives the
reason why κL of x = 0.6 is higher than that of x = 0.4.
Furthermore, it should be noticed that the increase of κL
with temperature for the substituted compounds is not
typical of a crystalline solid, and instead is reminiscent
of the typical κL observed in amorphous systems.
The simultaneous optimization of S, ρ, and κL realized
in the present substitutional Ce(Ni1−xCux)2Al3 leads to
a systematic, substantial enhancement of zT values, as
well as a shift of the zT maximum to lower temperature
(Fig. 4). In particular at T = 100 K, S is enhanced by a
factor of 4.3 by varying x from 0.0 to 0.4, together with a
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FIG. 3: The electrical resistivity, ρ (upper panel), and the lat-
tice contribution to thermal conductivity, κL (lower panel), as
a function of temperature for various Ce(Ni1−xCux)2Al3 com-
pounds. For the estimation of κL, the Wiedemann-Fran law
and the Sommerfeld value of L were employed. Inset shows
ρ−ρ0(T ) of a reference system, La(Pd1−xAgx)2Al3, which fol-
lows the bloch-gru¨neisen function typical of normal metals
with a remarkable reduction of the overall values with increas-
ing x. The residual resistivity ρ0 of the reference compounds
is 3.9, 28.9, 18.8, and 17.2 µΩ cm for x = 0.0, 0.2, 0.4 and 0.6,
respectively.
reduction of ρ and κL by a factor of 1.5 and 2.7, respec-
tively (Fig. 1, lower panel). At this temperature zT for
x = 0.4 assumes its peak with zTmax = 0.125, amounting
to half of the maximum zT value observed in optimized
CePd3 [4]. Much higher zT than that of CePd3 is ob-
served at below 100 K in the present system. Comparing
the zT values of x = 0.4 to that of x = 0.0 (zTmax <
0.02 at 280 K) reveals that the enhancement of zT is
considerably significant. Noticeably, the most important
among our observations is that the enhancement of Smax
concomitant to the reduction of TK is not specific to the
present system. This is a general expectation for HF or
IV systems without magnetic ordering [19], and has been
confirmed in different systems such as Ce(NixPd1−x)2Si2
[20], though not as apparent as in Ce(Ni1−xCux)2Al3.
An independent control of S, ρ and κL has been theo-
retically shown to be feasible by confining electrons into
a low-dimensional system, and properly fabricated thin-
film superlattice or nanowire indeed show enhanced ther-
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FIG. 4: The dimensionless thermoelectric figure of merit zT of
Ce(Ni1−xCux)2Al3, in comparison to that of optimized CePd3
and YbAl3 [4]. Inset illustrates the evolution of the DOS of
heavy quasiparticles at near the Fermi level from IV to HF
state, which in principle accounts for the enhancement of S
in the present Ce(Ni1−xCux)2Al3 system.
moelectric properties [21]. By contrast, the simultaneous
optimization of the three interdependent thermoelectric
parameters in Ce(Ni1−xCux)2Al3, in particular of S and
ρ, is owing to the local interaction between the f and con-
duction bands. The substitution of Cu for Ni in CeNi2Al3
modifies the d-like conduction band with enhanced DOS
to s- or p-like bands with charge carriers that are much
more mobile. This modification on conduction band
leads to not only an increase of electrical conductivity but
also an enhancement of the Kondo resonance peak in the
DOS of the heavy quasiparticles (inset of Fig. 4) due to
reduction of TK, the latter being crucial for the enhance-
ment of S that measures the energy derivative of DOS at
the Fermi level. Further enhancement of the thermoelec-
tric figure of merit in Ce(Ni1−xCux)2Al3 seems achiev-
able through i) substitution with heavier atoms instead
of Cu, such as Ag, to further reduce κL, or ii) approach-
ing the best substitution amount in the vicinity of the
critical concentration, x = 0.4. Along the same lines, we
also stress the significance to study other Kondo com-
pounds which already exhibit moderately enhanced zT ,
for example, CePd3 or systems with large ground-state
degeneracy. It should be reminded that for cryogenic ap-
plication a comparable efficiency as for high-temperature
application is not necessarily crucial; a moderately en-
hanced zT might make a significant impact in this field.
Furthermore, in identification of an appropriate start-
ing Kondo system and the best elements for substitu-
tion, theoretical prediction may play an important role.
For instance, band-structure calculation with respect to
a specific Kondo system could predict the suitable ele-
ments that might give rise to an ideal TE optimization
as observed in the present system.
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